MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The E. coli K-12 strains and plasmids used in this work are listed in Table 1 . Bacteria were grown aerobically at 37°C in L broth, which is LB broth (12) modified to contain only 5 g of NaCl per liter. Ampicillin (100 g/ml), kanamycin (25 g/ml), and chloramphenicol (10 g/ml) were used as required.
Isolation of a ␤-N-acetylglucosaminidase-deficient mutant. E. coli TP71 cells were treated with nitrosoguanidine (10, 20, or 40 g/ml in 0.1 M citrate buffer [pH 5.5]) for 30 min at 37°C and then washed with saline and grown overnight in L broth. Dilutions of overnight cultures were plated on L agar, and individual colonies were screened for NagZ activity. One clone, TP75, which had greatly reduced activity was chosen for further studies.
NagZ assay. The qualitative assay for ␤-N-acetylglucosaminidase was carried out by incubating the cells from one colony or from 1 ml of overnight culture with 0.8 ml of 1 mM p-nitrophenyl-␤-N-acetyl-D-glucosaminide in 50 mM Tris-HCl (pH 7.4). After 3 or 4 h of incubation at 37°C, the reaction was stopped by the addition of 0.2 ml of 1.25 M K 2 CO 3 . A reduction in the amount of yellow p-nitrophenol present in the supernatant following centrifugation of the incubation mixture relative to that of the control indicated a loss of enzyme activity. Alternatively, the cells were incubated at 37°C with 0.2 ml of 0.25 mM 4-methylumbelliferyl-␤-N-acetyl-D-glucosaminide in 10 mM sodium phosphate buffer (pH 6.8). After 4 or more h incubation, a decrease in the amount of purple fluorescence observed under UV light relative to the control indicated a loss of enzyme activity. For quantitative assay, the method employing p-nitrophenyl-␤-N-acetyl-D-glucosaminide was used with cells equivalent to 1 ml of culture having an optical density at 600 nm of 2. The reaction was stopped after 2 h, and the optical density of the cell-free reaction mixture was determined at 420 nm. When radioactive substrates were used, substrates and products were separated by high-pressure liquid chromatography (HPLC) as described below, and the radioactivity present in the different peaks was determined with a Beckman LS7500 liquid scintillation system.
Mapping. Mapping was done by transduction with P1vir (12), using a set of strains containing Tn5 kanamycin resistance (Kan r ) elements at known map positions (1, 16) . HPLC analysis. HPLC was performed with Rainin Rabbit HP pumps and mixer equipment (Rainin Instrument Co., Woburn, Mass.) by two different methods. In method 1, the column used was a LiChrosphere RP-18 column (250 by 4 mm, 3-m particle size; E. Merck). At a flow rate of 0.5 ml/min, isocratic elution with 50 mM sodium phosphate (pH 4.31) for 20 min was followed by a linear gradient of 0 to 35% 75 mM sodium phosphate (pH 4.95) in 15% methanol over 40 min and then isocratically for 60 min. In method 2, the sample was adjusted to pH ϳ2.5 with trifluoroacetic acid, adsorbed on a 150-by 4.6-mm X-Terra RP-18 column (Waters, Milford, Mass.), and eluted at 0.5 ml/min with 0.05% trifluoroacetic acid for 5 min, followed by a gradient from 0.05% trifluoroacetic acid to 10% of acetonitrile containing 0.035% trifluoroacetic acid over a period of 50 minutes.
Isolation of radioactive NagZ substrates. E. coli TP78B (nagZ::Cm nagB::Kan ⌬ampDE) was labeled for about five generations during growth in L broth supplemented with 0.25 strength M-9 salts (14), 1 mM MgCl 2 , and 1 Ci of D- [6- 3 H(N)]glucosamine (21.6 Ci/mmol; NEN Life Science Products, Boston, Mass.) per ml. Well-washed sacculi were recovered after the cells had been boiled in 4% sodium dodecyl sulfate for 30 min. Mixed muropeptide monomers and dimers containing 3 H-labeled GlcNAc-␤-1,4-MurNAc were obtained by digestion of murein sacculi with Chalaropsis muramidase. These muropeptides contained the native muramic acid present in murein.
To obtain mixed muropeptide monomers and dimers containing anhydromuramic acid in the disaccharide (GlcNAc-␤-1,4-aMurNAc), a portion of the labeled sacculi was digested with a partially purified preparation of soluble lytic transglycosylase (Slt). Slt was obtained from E. coli BL21(DE3)/pEtSlt70, carrying a plasmid that overexpresses slt from a T7 promoter when T7 RNA polymerase of the host is induced with isopropyl-␤-D-thiogalactopyranoside (IPTG) (A. Dijkstra, personal communication). Cells were grown at 37°C from a 1% inoculum in L broth with vigorous aeration. The inoculum was grown overnight from a single colony. All cultures contained 100 g of ampicillin per ml. After addition of 1 mM IPTG in early log phase, growth was continued for approxi-mately 4 h. Cells were harvested in the cold when the optical density at 600 nm reached the range of 0.8 to 1 and were washed with buffer A (10 mM sodium phosphate [pH 7.0], containing 0.02% sodium azide and 0.1 mM dithioerythritol). The cell pellet was resuspended in the same buffer (0.25 g of cells [wet weight]/ml of buffer) and opened by sonication (Sonicator 150; T.S. Ultrasons, Annemasse, France). A 50-ml aliquot of cell suspension containing DNase I (30 g/ml) and RNase (10 g/ml) was treated for 4 min under cooling. After centrifugation (20,000 ϫ g, 1 h), the supernatant was used as an enzyme source.
Enzyme was purified by chromatography on Blue Sepharose CL-6B (8) . The cell extract was dialyzed against buffer A for 20 h and passed through a column (38 by 1.6 cm) of Blue Sepharose (Pharmacia). After washing with 200 ml of buffer A, the column was eluted with 120 ml of 0.07 M sodium chloride in buffer A followed by a linear salt gradient (120 ml of 0.07 M sodium chloride and 120 ml of 0.6 M sodium chloride, both in buffer A). The elution velocity was 8.25 ml/h, and fractions of 5.5 ml were collected. The transglycosylase activity was assayed by release of radioactivity from 3 H-labeled sacculi. The enzyme-containing fractions, which eluted in fractions 95 to 103, were combined and dialyzed against buffer A for 20 h.
Radioactive GlcNAc-␤-1,4-aMurNAc-tripeptide was isolated from E. coli TP78B (nagZ::Cm ⌬ampDE) labeled as described above. The washed cells were extracted with water at 95°C for 5 min; the extract was concentrated and fractionated by HPLC using the acetonitrile gradient method. The principal fraction, which eluted after 50 min, was neutralized with NH 3 , concentrated, and stored frozen. Its identity was confirmed by mass spectrometry.
The radioactive disaccharide, GlcNAc-␤-1,4-aMurNAc, was obtained by treatment of the disaccharide-tripeptide with 3 g of AmpD amidase in 10 mM phosphate buffer (pH 7.0) for 3 h at 37°C followed by purification by the same HPLC method.
Cloning the gene for nagZ. A search of GenBank revealed an open reading frame, ycfO, at approximately 25.1 min whose hypothetical protein had 57% sequence identity to ExoII, a novel ␤-N-acetylglucosaminidase of Vibrio furnissii (2) . To clone the ycfO gene, which may code for NagZ, a forward primer (5Ј-TGGCTGCTGATGCTCAAA), starting 124 nucleotides upstream of the start codon, and a reverse primer (5Ј-AATCATCGCTTCCTCACA), starting 28 nucleotides downstream of the stop codon, were used to amplify the hypothetical nagZ gene from E. coli TP71 cells by PCR. The amplified DNA was ligated directly into a TA cloning vector (pGem-T; Promega, Madison, Wis.), and the resulting plasmid, pKM1, was transformed into competent E. coli JM109. Sequencing of the gene confirmed its exact identity with the open reading frame designated ycfO. To determine the orientation of the gene in the plasmid, the plasmid was digested with restriction enzymes AatII and ClaI and analyzed by electrophoresis on a 1% agarose gel. The presence of an 893-bp fragment, rather than a 325-bp fragment, proved that nagZ was present in a clockwise orientation relative to the T7 promoter.
Construction of a nagZ null mutant. Plasmid pKM1, which contains the nagZ gene on a 1,177-bp PCR product ligated to the pGem-T vector, was cut with restriction enzymes NruI and ClaI to remove a 178-bp fragment from nagZ. The linearized plasmid was blunted by filling with the aid of the Klenow fragment of DNA polymerase I and then dephosphorylated with calf intestinal alkaline phosphatase. A blunt 1,413-bp fragment, containing the chloramphenicol acetyltransferase gene, was isolated from pACYC184 that had been cut with restriction enzyme BsaAI. The fragments of interest were separated by electrophoresis on agarose gels and purified using a Qiagen gel extraction kit. The chloramphenicol acetyltransferase gene was ligated to the linearized plasmid from which a 178-bp fragment of nagZ had been removed. The ligation mixture was transformed into competent JM109 cells; following 3 h of incubation to allow expression, the cells were plated on L agar containing 15 g of chloramphenicol per ml. Chloramphenicol-resistant (Cm r ) colonies were purified, and plasmids were isolated. Analysis of the fragments released from each plasmid by EcoRI identified plasmids that contained fragments of 3,018, 2,102, and 310 bp as predicted for the desired construct. One such plasmid was saved and named pKM3. To construct a null mutation of nagZ, the procedure described by Yu et al. (20) , which utilizes the RED system of phage lambda, was used. pKM3 was cut with restriction enzymes PstI and SphI for which restriction sites are present in the multiple cloning sites of pGem-T on opposite sides of the nagZ::Cm insert but are absent in the insert. Then 100 ng of DNA from the DNA digest were introduced into strain DY330 by electroporation following induction of the RED system present in DY330 by incubation of mid-log-phase cells for 15 min at 42°C. After growth for 1.5 h at 30°C to allow expression, the cells were plated at 30°C on L agar containing 10 g of chloramphenicol per ml. Among 24 Cm r colonies purified, six were sensitive to ampicillin. When tested for NagZ activity, all six were found to lack NagZ activity. The null mutant of DY330 was designated TP76.
Other methods. DNA manipulations, transductions, and transformations were performed as described elsewhere (12, 14) . Mass spectrometry was performed at the Tufts Protein Chemistry Facility utilizing a PE Biosystems Voyager Maldi mass spectrometer. For genome database searches, the GenBank site as well as the preliminary sequence data available from The Institute for Genomic Research website (http://www.tigr.org) were searched.
RESULTS
Map position of the presumed structural gene for NagZ in mutant TP75. Hrebenda had reported that the gene for E. coli ␤-N-acetylglucosaminidase cotransduced with trp at a low frequency (4) such that one would expect the gene to be located roughly 1.5 min away from 28.3 min, the position of trp in edition 9 of the E. coli linkage map (1). However, we were unable to obtain cotransduction of nagZ with trp. Instead, when kanamycin resistance was transduced into TP75 from strains carrying Kan r markers at known locations (16) , only those Kan r markers 3 or 4 min counterclockwise from trp cotransduced with nagZ. nagZ cotransduced with Kan r markers at 24.6 min (9 of 30), 25.5 min (10 of 30), and 26.6 min (only 1 of 30), indicating that the gene is located at about 25 min. Proof that a gene located at 25.1 min is the structural gene for ␤-N-acetylglucosaminidase. As described in Materials and Methods, we cloned an open reading frame, ycfO, which has 57% identity to a novel ␤-N-acetylglucosaminidase present in V. furnissii (2) and is located at 25.1 min in the E. coli genome. This plasmid, pKM1, was transformed into TP75 (nagZ1). The transformant, TP75/pKM1, had more than four times the NagZ activity of the wild type, whereas TP75 had less than 5% of the wild-type NagZ activity. Since ycfO is an ortholog of the structural gene for a known ␤-N-acetylglucosaminidase, the open reading frame ycfO is the structural gene for NagZ.
Mutation site in the structural gene for NagZ in strain TP75. The nucleotide sequence of the mutated gene was determined on a PCR product obtained using the aforementioned primers and TP75 cells as the source of chromosomal DNA. The sequencing revealed a point mutation, 66 nucleotides upstream from the expected stop codon, which converted a G to an A, resulting in creation of an opal stop codon, TGA.
Thus, the mutant protein should lack the C-terminal 22 amino acids present in wild-type NagZ.
The lack of NagZ causes accumulation of amino sugarcontaining compounds in the cytoplasm. The nagZ::Cm strain, TP77, had no detectable activity against p-nitrophenyl-␤-GlcNAc under our assay conditions (data not shown). TP77 (nagZ::Cm), TP78 (nagZ::Cm ⌬ampDE), and the parent TP71 were each grown from a 0.5% inoculum for approximately five generations in 8 ml of L broth supplemented with 2 mM MgCl 2 and 1 Ci of [ 3 H]glucosamine/ml. The cells were collected by centrifugation, washed once with 15 ml of 0.9% NaCl, and suspended in 2 ml of water. The suspensions were heated at 95°C for 5 min to obtain hot water extracts. Extract equivalent to 2 ml of each culture was analyzed by HPLC using the acetonitrile gradient method. The results (Fig. 1) show that the wild-type strain contains two principal peaks. Peak A contains UDP-GlcNAc, GlcNAc, and glucosamine; peak D contains UDP-MurNAc-pentapeptide. A trace amount of the free disaccharide, GlcNAc-␤-1,4-aMurNAc (peak C), and an even smaller amount of free aMurNAc (peak B) are present. In contrast with the wild-type strain, the nagZ mutant contains a huge amount of the disaccharide (peak C), and the double mutant, lacking both NagZ and AmpD, accumulates large amounts of the disaccharide-tripeptide (peak E) and also contains a substantial amount of free disaccharide (Fig. 1) . The large accumulation of disaccharide by the nagZ null mutant demonstrates the need for NagZ in order to dispose of the GlcNAc and aMurNAc produced by the recycling pathway.
Enzyme activity. As already noted, NagZ is very similar in amino acid sequence to ExoII of V. furnissii. ExoII was shown to have an unusual substrate specificity (2) . It had negligible activity against N,NЈ-diacetylchitobiose but rapidly cleaved p-nitrophenyl-␤-GlcNAc and slowly cleaved p-nitrophenyl-␤-N-acetylgalactosaminide (GalNAc). Since NagZ has high sequence identity with ExoII, it seemed likely that their substrate profiles would be similar. As shown in Table 2 , this proved to be the case. Under our assay conditions, neither enzyme has activity against N,NЈ-diacetylchitobiose, and the activity against p-nitrophenyl-␤-GlcNAc is about 30 times greater than that against p-nitrophenyl-␤-GalNAc. These initial tests of enzyme specificity were done using whole cells of TP75 (nagZ1), carrying a plasmid expressing either nagZ ϩ or exoII ϩ . Figure 2 illustrates that NagZ completely cleaves GlcNAc from anhydro-muropeptides. GlcNAc-aMurNAc-tripeptide (peak 4) and GlcNAc-aMurNAc-tetrapeptide (L-Ala-␥-D-Glumeso-Dap-D-Ala) (peak 5) were quantitatively converted to the aMurNAc-tripeptide (peak 2) and aMurNAc-tetrapeptide (peak 3), respectively, with the release of GlcNAc (peak 1). Table 3 
Activity ratio, (1)/(2) 31 35
a The source of enzyme was toluene-treated intact cells from 1 ml of overnight culture of TP75 containing plasmids expressing the relevant gene. The specific activities of the two enzymes should not be compared since the relative expression of the ␤-N-acetylglucosaminidase genes from the two plasmids is unknown.
NagZ cleaves muropeptides almost as efficiently as anhydromuropeptides and that NagZ readily hydrolyzes the free anhydro-disaccharide (GlcNAc-aMurNAc).
Prevalence of NagZ. From a search of the sequences of unfinished as well as complete microbial genomes, possible orthologs with an amino acid sequence similar to that of NagZ were found to be present in the 12 gram-negative genera currently being sequenced (Table 4) .
DISCUSSION
We have shown that nagZ, the gene for the ␤-N-acetylglucosaminidase of E. coli, is the open reading frame, ycfO, present at 25.1 min on the E. coli map. TP75, a mutant with greatly reduced NagZ activity, facilitated mapping. TP75 was shown to have a single base pair change in the nagZ gene that produced a new opal stop codon 22 codons upstream of the normal stop codon. This mutant has less than 5% of the wild-type NagZ activity. A null mutant was constructed and shown to completely lack NagZ activity. Hence, NagZ is the only ␤-N-acetylglucosaminidase expressed in E. coli. That the null mutant grew normally and had normal morphology proved that NagZ is not essential when E. coli is grown in rich medium.
The amino acid sequence of NagZ is 57% identical to the sequence of ExoII of V. furnissii. Not surprisingly, NagZ and ExoII have very similar substrate specificities (Table 2 ). Figure   FIG 2 demonstrates that NagZ completely cleaves GlcNAc from anhydro-muropeptides. Surprisingly, NagZ also readily cleaves GlcNAc linked ␤-1,4 to MurNAc-peptides (Table 3 ). This is in contrast to AmpD anhydro-N-acetylmuramyl-L-alanine amidase, a cytoplasmic enzyme that cleaves anhydro-muropeptides to release murein tripeptide for recycling. The AmpD amidase is 10,000 times more active against the anhydro-MurNAc-Lalanine bond compared to the MurNAc-L-alanine bond (7) . Presumably the AmpD amidase evolved to attack the amide bond linking L-alanine to anhydro-MurNAc without cleaving the MurNAc-L-alanine bond present in the UDP-MurNAcpentapeptide precursor required for cell wall synthesis since this would be fatal. A similar argument could be made that NagZ should not cleave the ␤-1,4 bond between GlcNAc and MurNAc that is present in lipid 2. During synthesis of murein, GlcNAc becomes linked ␤-1,4 to MurNAc-pentapeptide at the lipid intermediate stage, thereby converting lipid 1 to lipid 2 (9). Since lipid 2 is an essential murein biosynthetic intermediate, it would appear either that lipid 2 is not a substrate for NagZ or that as soon as it is formed, the disaccharide-pentapeptide of lipid 2 is protected from NagZ by its lipid environment or by immediate transfer to the outer surface of the membrane.
In the absence of NagZ, E. coli accumulates large amounts of the disaccharide, GlcNAc-aMurNAc, in its cytoplasm (Fig.  1 ). This reflects the high level of activity of the murein tripeptide recycling pathway and indicates that the cell cannot utilize or dispose of the amino sugars in the absence of NagZ. Figure  1 also shows that when both NagZ and AmpD are absent, E. coli accumulates GlcNAc-␤-1,4-aMurNAc-tripeptide. Interestingly, a significant amount of the free disaccharide also accumulates, suggesting that E. coli has another amidase, in addition to AmpD, that cleaves the aMurNAc-L-alanine bond.
As noted earlier, possible orthologs of NagZ are present in the 12 gram-negative bacteria thus far partially or completely sequenced. This strongly suggests that the novel ␤-N-acetylglucosaminidase may be present in most gram-negative bacteria. Table 4 illustrates how closely the percent identities of E. coli NagZ, Mpl UDP-N-acetylmuramate:L-alanyl-␥-D-glutamylmeso-diaminopimelate ligase, AmpD anhydro-N-acetylmuramyl-L-alanine amidase, and AmpG permease are to their respective orthologs in these gram-negative bacteria. These data suggest that, indeed, murein recycling is widespread among gram-negative bacteria. Though NagZ ␤-N-acetylglucosaminidase is not obviously needed for recycling of murein tripeptide, it nevertheless appears to have been conserved in gram-negative bacteria and to be an integral component of the murein tripeptide recycling pathway. 
